• The winter wheat ecosystem acted as a strong carbon sink.
Introduction
In recent years, sustainable development across the globe has been severely restricted by the negative impacts of global climate change. Considering the fact that carbon cycling in terrestrial ecosystems plays an important role in global carbon balance and that carbon exchange at regional scale exerts direct influence on regional climate change, monitoring and understanding carbon cycling processes have become a major focus of regional sustainable development as well as global climate change. Cropland ecosystem is a critical component of the terrestrial ecosystems and its carbon pool is of vital importance to maintain the global carbon balance. Thus long-term measurement of CO 2 exchange and evaluation of carbon budget may provide theoretical guidance for laying down measures to reduce carbon emissions and improve carbon sequestration.
Since the 1980s, based on eddy covariance (EC) technique, many researchers have endeavored to measure and analyze the potential of carbon sequestration in terrestrial ecosystems. Although previous studies mainly focused on forest and grassland ecosystems (HernandezRamirez et al., 2011) , the study on the characteristics of the CO 2 exchange in cropland ecosystem is gradually increasing in academic field. Scientists have carried out detailed study on inter-and intraannual variations of CO 2 fluxes (Aubinet et al., 2009; Moors et al., 2010; Glenn et al., 2010) . Some of them have conducted research on the methods of data quality assessment and data processing 
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Science of the Total Environment j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / s c i t o t e n v (Soegaard et al., 2003; Anthoni et al., 2004; Saito et al., 2005) . Others have reported the responses of CO 2 fluxes to environmental factors. For instance, the relationships between physiological characteristics of crops and CO 2 fluxes at different crop growth stages Hoyaux et al., 2008) , the variations in CO 2 fluxes under different meteorological conditions (Béziat et al., 2009; Dufranne et al., 2011) , the relationship between daytime net ecosystem CO 2 exchange (NEE) and photosynthetically active radiation (PAR) under different water conditions (Pingintha et al., 2010) , the effects of temperatures on ecosystem respiration (R eco ) in different periods (Moureaux et al., 2006; Hernandez-Ramirez et al., 2011) and different crop sites (Suyker et al., 2004) , and the impact of agricultural management practices on carbon balance Eugster et al., 2010; Glenn et al., 2010) . Winter wheat with exclusive worldwide distribution, at present, there are a small number of Chinese scholars who have conducted research on estimating the carbon budget (Li et al., 2006; Li et al., 2007; Lei and Yang, 2010) and analyzing the environmental responses of CO 2 fluxes in winter wheat ecosystem (Li et al., 2006; Yan et al., 2009) 
Materials and methods

Site description
The experimental field (latitude 35°14′ N, longitude 107°41′ E, 1220 m above mean sea level) is situated at the Changwu agroecological experiment site, which is located in the central-southern part of Chinese Loess Plateau, Shaanxi Province. This region belongs to warm continental monsoon climate zone. Mean annual global solar radiation and mean annual temperature at the Changwu site are 484 kJ cm −2 and 9.1°C, respectively (mean values computed over 20 years from 1986 to 2005). Mean annual accumulated temperature of ≥0°C is 3688°C, and ≥10°C is 3029°C, with mean annual sunshine duration of 2226.5 h and a frost-free period of 171 days. Mean annual precipitation is 584.1 mm and mainly in July to September, which accounts for more than 55% of the total. Multiple cropping index is 116%. Groundwater depth is 50-80 m. The soil type of the field is dark loessial soil. In September 2009, the soil organic matter and soil organic carbon content in the first 0.3 m were 11.58 and 6.74 g kg
, respectively. This region is a typical rain-fed agricultural area with single cropping system and without irrigation. The soil nutrient and topographic characteristics of the experimental field are quite representative of the similar areas in the Chinese Loess Plateau.
The field has an approximate area of 100 m × 100 m and has flat terrain with eddy covariance (EC) system installed in the middle. This field has been cultivated for more than 30 years and within the range of the field all crops grown were winter wheat, which forms homogeneous underlying surface in order to satisfy the requirement of the fetch in the prevailing wind directions. The tested winter wheat cultivar was Changwu 134 with sowing rate of 150 kg ha −1 and row spacing of 0.2 m. The winter wheat growth stages based on the Zadoks scale (Zadoks et al., 1974) are listed in The data from the sonic anemometer and the CO 2 /H 2 O gas analyzer were recorded at 10 Hz on a CR5000 data logger (Campbell Scientific Inc., USA).
Other relevant instruments were as follows: photosynthetically active radiation radiometer (LI-COR Inc., USA), 3-Cup Anemometer (Vaisala Inc., Finland), temperature-humidity sensors (Vaisala Inc., Finland), soil temperature-moisture sensor (Campbell Scientific Inc., USA) at depths of 0.02, 0.1, 0.2, 0.4, and 0.8 m, two soil heat flux plates (Hukseflux, Delft, Netherlands) at depth of 0.05 m and a tipping bucket rain gage (Campbell Scientific Inc., USA). All the above mentioned instruments used CR10X data logger (Campbell Scientific Inc., USA) to collect and store data.
A LI-3000 portable leaf area meter (LI-COR Inc., USA) was utilized to measure the leaf area index (LAI) bi-weekly from seedling stage to winter dormancy stage and weekly from stem elongation stage to ripening stage. LAI was expressed as one-half the total leaf area per unit ground area (m 2 m
−2
). At harvest, grain yield was measured by gathering grains from three zones of 2 m × 50 m.
Data analysis and processing
The original data from the EC measurements were processed off-line using the software MATLAB 7.5 (Math works Inc., USA). The half-hourly CO 2 fluxes were computed by the eddy covariance method as the mean covariance between fluctuations in vertical wind velocity (w′, m s ) and the CO 2 density (ρ c ′, mg m −3 ). Thereafter, the CO 2 fluxes were corrected by a 3D coordinate rotation in order to align the sensor of 3D sonic anemometer in the mean streamline direction (Wilczak et al., 2001) , and then they were corrected for fluctuations of air and water vapor density according to the WebbPearman-Leuning (WPL) algorithm (Webb et al., 1980) . Besides, some studies have demonstrated that even for short crops (e.g. winter wheat, rice) the CO 2 storage term should be considered when calculate CO 2 fluxes (Soegaard et al., 2003; Saito et al., 2005) . To measure the change of CO 2 storage below the EC sensor, a single height (at the height of EC measurement, 2 m) method according to Moureaux et al. (2008) was applied. Thus, the NEE value was calculated as the sum of the half-hourly EC measured CO 2 flux and the rate of change in CO 2 storage below the EC sensor:
where F c is CO 2 flux (mgCO 2 m −2 s −1
) after the 3D Rotation correction and the WPL correction. F s is CO 2 storage. We comply with the convention that CO 2 away from the soil is considered as positive and those towards the soil as negative.
Half-hourly EC data were rejected according to these criteria: (1) incomplete half-hourly datasets, (2) , and (3) the EC data were submitted to a stationary test and integral turbulence characteristic test. The software used in the study generated flags (1 to 9) according to the data quality control proposed by Foken et al. (2004) . The higher the class of the flag indicated the higher the level of the data quality in the EC data. In this study, the data of classes 1 to 3 were used for analyzing the relationships between CO 2 fluxes and environmental factors, and the data of class 9 was rejected.
To further evaluate the data quality, a flux footprint analysis was performed using the flux source area model (FSAM). The method for experimental field evaluation has been elaborated by Schmid (2002) . The result showed that more than 90% of the flux contribution came from the study area during daytime, however, approximately 75% of flux contribution from the study area during nighttime because of atmospheric stability conditions. Overall, it suggested that the measured fluxes are totally representative of the study area, even under the stable conditions. Meanwhile, the energy balance closure was tested using a linear regression between the half-hourly EC fluxes (LE + H s ) and the available energy (R n − G). The relationship we observed was: (LE + H s ) = 0.91(R n − G) + 9.39, with determination coefficient (R 2 ) of 0.92, indicating that the EC measurements underestimate LE + H s by 9%, which is consistent with previous studies (Wilson et al., 2002) .
Missing data due to sensor malfunction, power failure and data rejection accounted for 17.2% of total original EC data. The Missing data were gap-filled using: 1) For small gaps within 2 h, the missing data were linearly interpolated. 2) For larger data gaps over 2 h and the corresponding meteorological data remained complete, the daytime gaps were filled by using the relationship between NEE and incident PAR based on 10-day periods (Falge et al., 2001 ):
where F NEE, day is the net ecosystem CO 2 exchange during daytime (mgCO 2 m − 2 s − 1 ), α is the ecosystem quantum yield ). Nighttime data gaps were filled by using the bi-weekly empirical relationships between nighttime ecosystem respiration and soil temperature under windy conditions (u* > 0.15 m s −1 ) (Lloyd and Taylor, 1994) :
where F R, night is the ecosystem respiration flux during nighttime (mgCO 2 m −2 s −1
), F R,10 is the respiration rate (mgCO 2 m −2 s −1 ) at 10°C (283.15 K), E 0 is the temperature sensitivity of respiration (K), T 0 is the temperature at which ecosystem respiration is zero (K), T s is the soil temperature at 0.02 m depth (K).
3) In the case of missing meteorological data, the method of mean diurnal variation (MDV) (Falge et al., 2001 ) was applied using data windows of 10 days.
Daytime R eco was extrapolated from Eq. (3). Ecosystem respiration (R eco ) was the sum of daytime R eco and nighttime R eco . Gross primary productivity (GPP) was calculated as the difference between R eco and NEE. The NEE uncertainty caused by the random error was assessed according to the methodology of Richardson and Hollinger (2007) using the Monte Carlo simulation. The R eco uncertainty was calculated as the quadratic sum of the partitioning uncertainty and the intrinsic dispersion uncertainty. The GPP uncertainty was estimated as the quadratic sum of the NEE and the R eco uncertainties (Dufranne et al., 2011) . Regression analyses were used to examine the relationships between CO 2 fluxes and environmental factors. Statistical analyses were performed using SPSS 17.0 (SPSS Inc., USA).
Results
Variations of environmental factors
The environmental factors showed distinct seasonal trends during the 2009-2010 growing season. (Fig. 1) We observed the similar seasonal trends of PAR and vapor pressure deficit (VPD) during the growing season (Fig. 1A, B) . Average temperature during the 2009-2010 growing season was 6.7°C, which was a little higher than the long-term average (6.5°C, average value measured between 1986 and 2005). The variation of the soil temperature (T s ) at 0.02 m depth was consistent with the air temperature (T a ) during the growing season (Fig. 1C) . Precipitation in the growing season (185.7 mm) was a little larger than the average (172.3 mm), and distribution of rainfall was uneven in the growing season (Fig. 1D) . Range of daily average soil water content (SWC, 0-0.2 m depth) was 0.30-0.10 m 3 m −3
, which experienced a steady-state decrease through the growing season (Fig. 1D) . Besides, leaf area was very varied in different growth stages. Leaf area index (LAI) reached a peak value of 4.19 ± 0.38 m 2 m −2 in late April 2010 (Fig. 1E) . In general, the meteorological conditions and soil moisture status were fairly representative of the regional long-term averages. 
Dynamics of CO 2 fluxes
The dynamics of the CO 2 fluxes showed distinct seasonal trends during the winter wheat growing season (Fig. 2) . Form seedling stage to tillering stage, the net CO 2 uptake rate remained lower than the ecosystem respiration, thus the ecosystem behaved as small carbon source (Table 2) . During winter dormancy stage, daily NEE varied around zero, and the ecosystem acted as weak carbon sink (Table 2 ). In stem elongation stage, the NEE curve dropped significantly, and the accumulated NEE during the stage was −65.3 ± 4.5 gC m −2 day −1
, the ecosystem acted as moderate carbon sink (Table 2) . During booting stage, the ecosystem became strong carbon sink (Fig. 2) . From grain filling stage to ripening stage, NEE curve rose sharply, and the ecosystem was characterized by a weak carbon source (Table 2) . Finally, total NEE, R eco , and GPP for the growing season were −218.9 ± 11.5, 293.7 ± 15.3, and 512.4 ± 19.1 gC m −2 (Table 2) , respectively, suggesting that the ecosystem acted as a strong carbon sink and had relatively high photosynthetic productivity during the growing season. On a regional scale, crop grains are harvested and eventually consumed, thus all the carbon in harvested grain is released back into the atmosphere. We hypothesized that all of the wheat straws were returned to the field, and carbon in the grain (C gr , gC m −2 ) was calculated as:
where W gr is the grain water content (14% for winter wheat), f C is the fraction of carbon in the grain (0.45 for wheat), and Y is the yield (gC m
−2
). Considering that the carbon released by grains, the ecosystem switched from a strong carbon sink to a weak carbon sink (−36.2 gC m −2 ) ( Table 3 ). This suggests that the carbon sequestration of the winter wheat ecosystem is more than the amount of carbon consumed in the form of grain after considering the carbon in the grain. In winter wheat growth season, a significant relationship was found between seasonal variation of NEE and LAI (Fig. 3A) . In the case of given incident PAR (1300-1500 μmol m −2 s (Fig. 3A) , suggesting that LAI is one of the driving factors for the seasonal variation of NEE. The correlation analysis (p = 0.0342) showed that seasonal dynamics of net photosynthetic rate at light saturation (P max ) was closely related to the seasonal change of LAI (Fig. 3B) . Note that in the late growing season, the correlation was lower and a sharp decrease of P max , mainly because of a reduction in photosynthesis during leaf senescence and an increase in soil respiration under relatively high temperature.
Responses of CO 2 fluxes to PAR and VPD
A significantly negative correlation was observed between NEE and PAR at different growth stages (Fig. 4A) (Fig. 4B) , because of a distinct reduction of net CO 2 uptake rate at around noon caused by midday stomata closure in clear weather ) and LAI at early growing season (n = 25), middle growing season (n = 26) and late growing season (n = 23); B. Relationship between net photosynthetic rate at light saturation (P max ) and LAI in the growing season (n = 20). The arrows denote the process of time. with higher PAR (Jarvis and Morrison, 1981) . Thus, PAR is probably the most important driving factor for fluctuations of NEE during cloudy sky conditions (Béziat et al., 2009 ). Besides, no significant correlation (80% confidence level, p = 0.0878) existed between daily NEE and VPD in the middle growing season (Fig. 5A) . Initially, net CO 2 uptake rate tended to increase with a rise in VPD and, then, decrease obviously with the increase of VPD as VPD above 1.4 kPa (Fig. 5A) . We found the different values of R 2 between NEE and PAR for the different ranges of VPD from booting stage to heading stage. The correlation in the VPD range from 0 to 1.4 kPa (R 2 = 0.8691, 95% confidence level, p = 0.0002) was higher than that in the VPD range from 1.4 to 2.5 kPa (R 2 = 0.7816, 95% confidence level, p = 0.0013) (Fig. 5B) . That could be explained by the reduction of net CO 2 uptake rate due to a decrease of stomatal conductance as VPD over 1.4 kPa.
Response of CO 2 fluxes to temperature
The correlation between nighttime R eco and soil temperature (T s ) at 0.02 m depth varied in the different growing stages (Fig. 6 ). The R 2 was 0.8417 (95% confidence level, p = 0.0086) at stem elongation stage and 0.8310 (95% confidence level, p = 0.0133) at booting stage and heading stage, respectively, which were much higher than that at late growing season (R 2 = 0.6127, 95% confidence level, p = 0.0254) (Fig. 6) , suggesting that the variations in R eco were sensitive to the changes in T s during the middle growing season, when temperature was a predominant limiting factor for growth of plants and activity of microbial community.
3.3.4. Responses of CO 2 fluxes to SWC Different relationships were found between daytime NEE and PAR under different SWC conditions (Fig. 7) . When soil moisture was suffi-
), the daytime net CO 2 uptake rate increased with PAR ( ), the net CO 2 uptake rate increased with PAR before noon and then decreased substantially as PAR above 1100 μmol m −2 s −1 (Fig. 7A) . Furthermore, when SWC was higher than 0.25 m 3 m −3
, the response of NEE to PAR was smaller than that under conditions of sufficient soil moisture. Similar relationships were also observed between nighttime R eco and T s at 0.02 m depth under different SWC conditions (Fig. 7B) . The correlation under water sufficient conditions was higher than the correlation under water deficit conditions and the correlation under water excess conditions. 3.3.5. Pulse response of CO 2 fluxes to rainfall events Fig. 8 shows that the CO 2 fluxes were sensitive to the effective rainfall events (daily precipitation > 5 mm) during the middle growing season. We observed the drastic changes in maximum daily halfhourly R eco and NEE following a large rainfall event (on 20-Apr-2010 with daily precipitation of 25.6 mm). The daily maximum half-hourly R eco reached the peaks within 1-2 days after the effective rainfall events, which were about 0.5-to 6.5-fold larger than that in the pre-rain days (Fig. 8A) . The maximum half-hourly NEE (absolute value) occurred 3-6 days after the effective rainfall events, which were about 0.5-to 1.5-fold larger than that in the pre-rain days (Fig. 8B) . By using the EC system, the rain-induced pulses of R eco have also been reported in other arid and semi-arid ecosystems (Huxman et al., 2004; Lee et al., 2004; Xu et al., 2004) .
Discussion
Complex responses of CO 2 fluxes to SWC
Complex response mechanisms were found between CO 2 fluxes and environmental factors under different SWC (Fig. 7) . For lower SWC, net CO 2 uptake rate decreased substantially as PAR above 1100 μmol m −2 s −1 (Fig. 7A) , which was caused by midday stomata closure as solar radiation, air temperature, and VPD were all high under water deficit stress (Jarvis and Morrison, 1981) . A similar phenomenon has been demonstrated by Pingintha et al. (2010) in a Georgia peanut ecosystem. Meanwhile, under higher SWC, the response of NEE to PAR was smaller than that under sufficient soil moisture conditions (Fig. 7A ). This is probably because the suppression of photosynthesis is associated with poor soil aeration or oxygen deficiency under the high SWC conditions (Gliński and Stepniewski, 1985) . Furthermore, the effect of SWC on ecosystem respiration became more significant under water stress, when activities of microbial community were restricted (Davidson et al., 1998) . Overall, different soil moisture conditions could complicate the response mechanism of CO 2 fluxes to other environmental factors. Thus, combining with the chamber method and biometric measurements to further explain the environmental response of CO 2 fluxes to different water conditions will be important.
Strong fluctuations of the NEE
Strong fluctuations of the NEE were found during the middle stages, when plants were in active growth. There are several reasons for this: Firstly, following the large rainfall event (on 20-Apr-2010 with daily precipitation of 25.6 mm), considerable CO 2 released into the atmosphere, which can be several orders of magnitude greater than the pre-rain days (Fig. 8) , because the large rainfall event significantly triggered microbial respiration, and the percolating rainwater physically displaced soil air rich in CO 2 and squeezed out CO 2 into atmosphere (Orchard and Cook, 1983; Borken et al., 2003) . The instant increase in CO 2 release is probably because the water became deficit for shallow layer following soil gradually dried out and then inhibited microbial activity (Huxman et al., 2004) . Noting that during the large rainfall event the net CO 2 uptake rate was small (Fig. 8) , because the photosynthesis of winter wheat was consumed by its own respiration. However, after the rainfall event, the net CO 2 uptake rate eventually increased, lagging a few days behind the response of R eco (Fig. 7) , mainly because the sufficient soil water in the root zone could stimulate root and leaf growth and improve photosynthesis.
Secondly, during the active growth stages, the drastic changes in air temperature usually led to the obvious variations in NEE curve. For example, from 13-Apr-2010 to 14-Apr-2010, the average air temperature dropped sharply to around 0°C (Fig. 1C) . The cold weather led to a steep rise in NEE curve and then a rapid decline as the air temperature increased (Fig. 2) . In the late stage of grain filling, notice the sudden transitions from negative NEE values to positive NEE values (Fig. 2) , probably because the photosynthetic capacity fell sharply, whereas the soil respiration varied with the particular meteorological conditions, for example, soil respiration increased significantly in the case of high temperature along with rainfall events during this period.
In addition, the higher R eco was observed within 5 days after sowing (Fig. 2) , mainly because the field management (e.g. tillage and plough) has been shown to stimulate soil CO 2 emission by increasing aeration, changing soil temperature and moisture conditions, disrupting soil aggregates and thus favoring soil microbial respiration. Within 5 days after sowing, we observed that the daily R eco was 0.5-1.0 gC m −2 day −1
higher than that before field management (Fig. 2) . Ceschia et al. (2010) and Eugster et al. (2010) have reported that after field management, the high CO 2 emissions from agro-ecosystems continued for the first few days and up to 3-6 weeks.
A comparison of different study results
Considering the carbon released by grains, the winter wheat ecosystem acted as a weak carbon sink (−36.2 gC m −2 ) during the growing season. The result is consistent with the report of Lei and Yang (2010) (Table 3) . However, some studies reported that winter wheat ecosystem behaved as carbon sources (41-126 gC m −2
) after considering the carbon in grain (Anthoni et al., 2004; Li et al., 2006) (Table 3 ). These differences can be explained, in part, by the geographical environment, climate condition, soil type, cropping system and some other uncontrollable factors vary in different crop sites. On the other hand, it is probably because of different field management practices (e.g. non-irrigation vs. irrigation; conventional tillage vs. minimum tillage or no-tillage) as well as data processing methods and some other controllable factors (e.g. the starting and ending time for estimating carbon budget of the growing season).
Conclusions
The present study demonstrates that the rain-fed winter wheat ecosystem of the Chinese Loess Plateau has the distinct dynamics of CO 2 fluxes and the total NEE for the growing season was − 218.9 ± 11.5 gC m −2 , suggesting that the ecosystem acted as a strong carbon sink, whereas after considering the harvested grain, the ecosystem turned into a weak carbon sink. The responses of CO 2 fluxes to the controlling factors depended on the different growth stages of winter wheat and different ranges of environmental variables, indicating that the variations in CO 2 fluxes were sensitive to the changes in some environmental factors, such as LAI, PAR, T s and SWC. Particularly, the pulse response of R eco to the large rainfall event was observed, and the strong fluctuations of CO 2 fluxes generally occurred after the effective rainfall events (daily precipitation > 5 mm) during the middle growing season. Such phenomenon also takes place in the case of the drastic changes in T a and within 5 days after sowing.
